The basal forebrain cholinergic system (BFCS) is the major source of acetylcholine for the cerebral cortex in humans. The aim was to analyze the pattern of BFCS and cortical atrophy in MCI patients to find evidence for a parallel atrophy along corticotopic organization of BFCS projections. BFCS volume and cortical thickness were analyzed using high-definition 3D structural magnetic resonance imaging data from 1.5-T and 3.0-T scanners of 64 MCI individuals and 62 cognitively healthy elderly controls from the European DTI study in dementia. BFCS volume reduction was correlated with thinning of cortical areas with known BFCS projections, such as Ch2 and parahippocampal gyrus in the MCI group, but not in the control group. Additionally, we found correlations between BFCS and cortex atrophy beyond the known corticotopic projections, such as between Ch4p and the cingulate gyrus. BFCS volume reduction was associated with regional thinning of cortical areas that included, but was not restricted to, the pattern of corticotopic projections of the BFCS as derived from animal studies. Our in vivo results may indicate the existence of more extended projections from the BFCS to the cerebral cortex in humans than that known from prior studies with animals.
Introduction
Cholinergic dysfunction is a key factor for cognitive decline in Alzheimer's disease (AD) (Francis et al. 1999) . The main source of cholinergic input to the cerebral cortex is the basal forebrain cholinergic system (BFCS) , which consists of the nucleus basalis Meynert, the horizontal and diagonal band of Broca, and the nucleus subputaminalis (NSP; . According to Mesulam's nomenclature, the BFCS includes Ch1 (medial septal nuclei), Ch2 (vertical part of the diagonal band of Broca), Ch3 (horizontal part of the diagonal band of Broca), and Ch4 (nucleus basalis Meynert). Ch4 is further divided into the posterior (Ch4p), intermediate (Ch4i), anterior-medial (Ch4am), and anterior-lateral parts (Ch4al) . A tracer-based histopathological study in rhesus monkeys showed a corticotopic distribution of BFCS projections. Whereas Ch2 mainly supplies the hippocampus formation and Ch3 the olfactory bulb, the distribution pattern of the nucleus basalis Meynert is more complex: Ch4am projects to the medial cortical areas and cingulate gyrus; Ch4al to fronto-parietal areas, operculum, and amygdala; Ch4i to laterodorsal fronto-parietal, peristriate, and midtemporal cortical area; and Ch4p to superior temporal and midtemporal cortex ).
Postmortem studies have described the degeneration of the central cholinergic system and a high vulnerability of basal forebrain cholinergic neurons for tau and amyloid pathology in individuals with AD dementia (Davies and Maloney 1976; Arendt et al. 1988; Mesulam et al. 2004; Gil-Bea et al. 2005) . The complex structure of the BFCS still creates a challenge for morphometric analysis. Early studies of the BFCS using magnetic resonance imaging (MRI) employed manual measurement of the thickness of the substantia innominata at its smallest extent rostral of the anterior commissure in a coronary section. This 2D approach showed a significantly reduced thickness in AD patients compared with cognitively healthy controls (HC) (Hanyu et al. 2002) . The first 3D approach to use in vivo MRI techniques to detect changes of the BFCS in AD patients showed a reduction of signal intensity in areas corresponding to the BFCS (Teipel et al. 2005) . Recent studies with a more detailed map of the BFCS derived from postmortem histological data have been able to analyze subregional changes of the BFCS in patients with mild cognitive impairment-a risk stage of AD (Palmer et al. 2008 )-and have shown predominant involvement of posterior BFCS regions (Ch4p) (Grothe et al. 2010; Kilimann et al. 2014) .
The cortical target areas of the BFCS projections also show structural changes in AD and MCI individuals. Using different methods (voxel-based gray matter [GM] density, manual volumetry, cortical thickness measurements), a large range of studies has revealed consistent atrophy in the parahippocampal cortex, hippocampus formation, posterior cingulum, and inferior and lateral parts of the temporal lobe in AD and MCI patients (Cuingnet et al. 2011) . The parahippocampal gyrus together with the perirhinal cortex integrates major cortical pathways of the hippocampus and therefore shows strong connectivity to the hippocampal formation (Suzuki and Amaral 2004) . Beyond this, there is evidence that the cholinergic innervation of the hippocampus and the parahippocampal gyrus is directly connected to Ch2 region of the basal forebrain underlining the high cholinergic relationship of both structures (Mufson and Kordower 2001) .
Although previous studies showed atrophic changes of the cerebral cortex and cholinergic nuclei in AD, only little is known about the potential parallel decline of structural integrity of cholinergic input and output areas. Our study aimed to analyze the structural changes of the BFCS and cerebral cortex in patients with a clinical diagnosis of MCI to determine parallel degeneration of cholinergic input and output areas. (Petersen 2004) and 62 cognitively HC. The HC group included 27 women (44%) with a mean of 13.0 years of education (standard deviation [SD] 3.1 years) and a mean age of 68.8 years (SD 5.5 years). The MCI group included 26 women (41%) with a mean of 11.8 years of education (SD 3.0 years) and a mean age of 70.1 (SD 6.5 years). For further demographic information, see also Table 1 . Beside the diagnosis of MCI, participants were free of any signs of neurological, psychiatric or medical conditions, or relevant vascular lesions seen on the MRI scan that may have interfered with cognition. From the total of 64 participants with MCI, 23 had amnestic MCI. Informed written consent was provided by all participants according to the Declaration of Helsinki and the study was approved by local ethics committees at each of the participating centers. The Mini-Mental State Examination (MMSE) and Consortium to Establish a Registry of Alzheimer's Disease (CERAD) cognitive battery were used to assess the level of cognitive functioning (Folstein et al. 1975; Morris et al. 1988 ). All MCI patients had objective cognitive impairment (−1.5 or below SD in the age and education years controlled in the CERAD testing battery) without dementia, the HC were required to score within 1 SD of age and education adjusted norm in all subtest of the CERAD battery. All participants with MCI had an additional cerebral spinal fluid (CSF) analysis of amyloid β 1-42, tau, and phospho-tau. Lumbar puncture and amyloid 1-42, tau, and phopho-tau measurement were organized locally at laboratories from centers of the European DTI Study in Dementia. Amyloid positivity (MCI Aβ + ) was defined by reaching levels for amyloid 1-42 below the diagnostic cutoff levels at local laboratories (450 and 500 pg/mL, respectively). MCI Aβ− group describes participants above these levels.
Materials and Methods

Participants
Sixty-one percentage (14 of 23) of the aMCI participants and 35% (14 of 41) of all other MCI were CSF amyloid positive. There was no significant difference for gender and years of education between Aβ+ and Aβ− groups. MCI Aβ− participants were significantly older than HC or MCI Aβ+, but there was no significant difference in age between HC and MCI Aβ+ group. Participants in both MCI groups scored lower in MMSE than in HC, but there was no significant difference between MCI Aβ+ and MCI Aβ−.
Demographic characteristics are shown in Table 1 .
MRI Acquisition In Vivo
Data were obtained from 4 different MRI scanners, including three 3.0-Tesla scanners and one 1.5-Tesla scanner. A sagittal high-resolution 3D gradient-echo sequence was performed for the anatomical studies with an isotropic spatial resolution of 1 mm 3 . Slice thickness ranged from 1 to 1.6 mm, repetition time from 25 to 2160 ms, echo time from 2.17 to 4.6 ms, inversion time from 900 to 100 ms, and flip angle from 9 to 30°. In addition, axial 2D T 2 -weighted sequences were performed to identify white matter lesions (fluid attenuation inversion recovery [FLAIR] ). The number of participants per scanner ranged from 12 to 21 for the HC, 2 to 14 for MCI Aβ−, and 2 to 15 for MCI Aβ+.
MRI Data Processing
Map of the Basal Forebrain Cholinergic System
To create a map of the BFCS in Montreal Neurologic Institute (MNI) standard space, after a first scan (brain in cranio), the nuclei of the BFCS, including the nucleus basalis Meynert, the horizontal and diagonal band of Broca, and the NSP were identified from a histological postmortem brain study from a 56-year-old man who died from myocardial infarction without any neurological or psychiatric symptoms reported by relatives. A second scan (dehydrated brain) was performed 3 month after death. Subregions of the BFCS were manually transferred into the postmortem dehydrated MRI scan space. We combined Ch4am and Ch4al region into one region in our mask, as the vascular structures used for discrimination between both areas cannot always be identified in histological sections . In further steps, the scan was first transformed into the space of the in cranio MRI applying a 12-parameter affine transformation and high-definition normalization (Ashburner and Friston 1999) , and then into MNI standard space by Diffeomorphic Anatomic Registration using Exponentiated Lie algebra (DARTEL) registration method (Ashburner 2007) . The combined spatial transformations were then used to create the BFCS mask in MNI space. Details of this method have been published before Teipel et al. 2014 ).
In Vivo MRI Data Processing
For spatial normalization, the VBM8 toolbox (http://dbm.neuro. uni-jena.de/vbm/) implemented in SPM8 was used to create a customized DARTEL (Diffeomorphic Anatomic Registration using Exponentiated Lie algebra) template (Ashburner 2007) . The template was used for high-dimensional DARTEL normalization of the structural T 1 scans as implemented in VBM8. The images were segmented into GM and white matter, and then transformed to MNI space applying modulation for nonlinear components only, thus accounting for global differences in head size and shape at this processing step.
Volumes of BFCS Nuclei
Individual GM volumes of the BFCS nuclei were extracted automatically from the warped unsmoothed GM segments by summing up the modulated GM voxel values within region of interest (ROI) masks of the BFCS nuclei.
Measurement of Cortical Thickness
The measurement of the cortical thickness was performed with the FreeSurfer image analysis suite, which is documented and freely available as a download (http://surfer.nmr.mgh.harvard. edu/). The technical details of these procedures are described in prior publications (Salat et al. 2004; Han et al. 2006) . In short, after preprocessing (motion correction, surface deformation, scull script, etc.) this method calculates the closest distance from the gray/white matter boundary to the GM/CSF boundary at each vertex from segmented 3D T 1 -weighted images (Dale and Sereno 1993; Dale et al. 1999; Fischl and Dale 2000) . Procedures for the measurement of cortical thickness have been validated against histological analysis (Rosas et al. 2002) and manual measurements (Kuperberg et al. 2003; Salat et al. 2004 ). The results of this process were reviewed by one specifically trained researcher, who performed a manual correction of the preprocessing or segmentation when the automated procedure was erroneous by visual impression, following the recommendations of the FreeSurfer Tutorial. For our analysis, we used the Destrieux atlas (Destrieux et al. 2010 ), which provides a highly detailed regional parcellation of temporal cortical regions. Following the aim of our study, we focused on the following cortical areas with known corticotopic cholinergic projections from the BFCS ) and significant thinning in patients with MCI compared with HC in previous studies: temporopolar cortex area, (superior) lateral and inferior temporal gyrus, parahippocampal gyrus, posterior cingulum (dorsal), and anterior cingulum (Pihlajamaki et al. 2009 ). Expected correlations were defined to be Ch4p and superior and inferior temporal and parahippocampal gyrus as well as temporopolar region; Ch4am-al and anterior and posterior cingulum and Ch2 and parahippocampal gyrus. There were no expected correlation between Ch3 and the analyzed cortical areas. As there is not much known about the NSP and its projections to the cortex, this analysis was exploratory.
Statistical Analysis
Statistical analysis was performed using SPSS Statistics version 21 (IBM SPSS Statistics, Armonk, NY, USA). Normal distribution of data was assessed using the Kolmogorov-Smirnov test. Repeated-measures analysis of variance (ANOVA) was applied to test for overall significance of regional volume changes with diagnosis, using BFCS subregions as inner subject factor, diagnosis and scanner as between subject factor, and age, education, and gender as covariates. If effects were significant, we followed-up by pairwise linear models for each subregion of the BFCS controlling for age, education, gender, and scanner. Partial correlation controlled for age, gender, education, and scanner was used to analyze the relationship between BFCS volumes and cortical thickness. The Bonferroni-Holm correction was applied on a priori unexpected correlations between BFCS volumes and cortical areas to correct the alpha error for multiple comparisons; P-values of 0.05 or below were defined to be significant. We additionally performed a stepwise analysis of the cortical regions corrected for age, gender, education, and scanner to find BFCS subregions, which predict best the cortical thickness of the analyzed cortical areas in the MCI group.
Results
Basal Forebrain
Repeated-measures ANOVA showed an overall effect of diagnosis on BFCS ROI volumes (P < 0.001). The Ch4p region showed a significant volume reduction (corrected for age, gender, education, Parallel Atrophy in MCI Kilimann et al. | 1843 and scanner) in the MCI group compared with HC. This effect was highly significant (P < 0.001), both for MCI Aβ− and MCI Aβ+ groups compared with HC, but there was no significant difference between the Aβ− and Aβ+ MCI groups. Ch4am-al was also significantly reduced in both the MCI Aβ− and Aβ+ groups compared with HC (P < 0.05), and in the MCI Aβ− group compared with HC for the NSP (P < 0.05). No other subregions of the BFCS showed any significant differences between the groups (Fig. 1) .
Cortical Thickness
Repeated measures ANOVA showed an overall effect of diagnosis on mean cortical thickness after correcting for age, gender, education, and scanner (P < 0.001). The cortical thicknesses of the anterior (P = 0.019) and posterior cingulum (P = 0.002), superior lateral temporal gyrus (P = 0.003), and temporopolar region (P = 0.001), as well as the inferior temporal and the parahippocampal gyrus (each P < 0.001), were significantly reduced in the MCI group compared with HC. None of the analyzed cortical regions showed a significant group difference between the amyloid positive and negative MCI groups (Fig. 2) .
Basal Forebrain-Cortex-Interaction
Partial correlations between BFCS and cortical areas were calculated for the MCI group (combined MCI Aβ− and MCI Aβ+) with age, gender, education, and scanner as control variables. The Ch4p region showed significant expected correlations with the temporopolar region (P = 0.003), inferior temporal gyrus (P = 0.042), the parahippocampal gyrus (P = 0.005), and an unexpected correlation with the anterior cingulum (P = 0.007). The a priori unexpected correlation with the anterior cingulum survived Bonferroni-Holm correction on a P < 0.05 level. The Ch4am-al region showed significant correlations only with the thickness of the inferior temporal gyrus (P = 0.028), temporopolar region (P = 0.04), and parahippocampal gyrus (P = 0.018). The Ch3 area showed no correlations with any of the analyzed cortical areas. Atrophy in the region mapping to the site of the NSP was significantly correlated with cortical thinning in the temporopolar region (P = 0.002), the inferior and superior lateral temporal gyrus (P = 0.018, P = 0.011), the anterior (P = 0.002), and the posterior cingulum (P = 0.003); there was no correlation with the thickness of the parahippocampal gyrus. Ch2 showed significant correlations with the following areas: parahippocampal gyrus (P = 0.025), temporopolar region (unexpected, P = 0.003), inferior temporal gyrus (unexpected, P = 0.036), posterior cingulum (unexpected, P = 0.005), and anterior cingulum (unexpected, P = 0.001). Only the correlation of Ch2 to the inferior temporal gyrus did not survive the Bonferroni-Holm correction. All significant correlation between cortical thickness and BF subregional volumes showed a positive correlation; reduced volumes in the BFCS subregions were associated with thinning of the cortex in the analyzed areas. The stepwise analysis of the cortical areas and the BFCS subregions showed that Ch4am-al (P = 0.082; β = 0.228) and age (P = 0.083; β −0.228) predicted the cortical thickness of the inferior temporal cortical areas. Temporopolar region was predicted by Ch4am-al (P < 0,001; β = 0.448), superior temporal region by age (P < 0.017; β = −0.309), parahippocampal gyrus by Ch4am-al (P = 0.001, β = 0.411), anterior cingulum by Ch2 (P = 0.038; β = 0.27), and posterior cingulum also by Ch2 (P = 0.041; β = 0.263). All analyzed areas showed a variation inflation factor <4, which is commonly accepted as an acceptable level of collinearity (Stine 1995) . Regarding the correlations of BFCS and cortical thickness of MCI Aβ− and MCI Aβ+ separately (Table 2) , the correlations between the Ch4 group and cortical areas appeared to be driven by the amyloid β+ group, whereas the correlations between NSP and cortical areas or Ch2 and cortical areas showed significant correlations in both groups.
In the HC group, after controlling for age, gender, and scanner, Ch4p was correlated with parahippocampal gyrus (P = 0.024), Ch4am-al with superior lateral temporal gyrus (P = 0.048), NSP with parahippocampal gyrus (P = 0.006), inferior and superior lateral temporal gyrus (P = 0.034, P = 0.001), and anterior and posterior cingulum (P = 0.010, P = 0.017). The Ch3 region showed no significant correlations with any of the analyzed cortical areas. We found significant correlations between Ch2 and inferior and superior lateral temporal gyrus (P = 0.001, P = 0.043), and between anterior and posterior cingulum (P = 0.002, P < 0.001).
Determining the interaction effect with diagnosis, we found a significant interaction effect between HC and MCI for the Ch2 basal forebrain and the parahippocampal gyrus (steeper slope in the MCI group, P < 0.001). The interaction effect with Ch2 and the inferior temporal region (P = 0.035) did not survive correction for multiple comparisons.
For an assessment of the specificity of our results, we added to the Supplementary part of the manuscript an additional exploratory vertex-wise analysis of the association of cortical thickness and the volume of the complete BFCS using cluster-wise correction integrated in FreeSurfer software. This procedure without restricting the analysis to predefined cortical areas showed a specific pattern mainly in the temporal-parietal parts of the cortex.
Discussion
The aim of this study was to analyze atrophy of regions mapping to the site of the BFCS and their correlation with thinning of cerebral cortex regions with known projections from the BFCS. The BFCS is the main source of acetylcholine for most parts of the cortex. In agreement with previous studies, we found atrophy in subregions of the BFCS in patients with MCI compared with HC (Grothe et al. 2010 (Grothe et al. , 2012 Teipel et al. 2011) . Atrophy was most prominent in the posterior parts of the BFCS (Ch4p, Ch4am-al, and NSP). The distinct atrophy of the region mapping to Ch4p agrees with results from previous MRI studies in independent MCI samples and with neuropathological findings from dementia stage AD patients (Vogels et al. 1990; Grothe et al. 2010 Grothe et al. , 2012 Kilimann et al. 2014) .
MCI individuals showed statistically significant thinning in all analyzed cortical areas (anterior and posterior cingulum, the inferior and superior lateral temporal gyrus, temporopolar region, and parahippocampal gyrus) and in the overall mean cortical thickness compared with HC. Previous studies on structural changes in dementia and predementia stages of AD showed specific cortical pattern of atrophy with an emphasis on temporal lobe cortical structures (Singh et al. 2006; Wang et al. 2009; Julkunen et al. 2010; Velayudhan et al. 2013) . The topography of these GM changes in temporal lobe regions mirrors typical neuropathological findings of neurofibrillary tangles in MCI and early stage AD in these areas (Braak and Braak 1991; Braak et al. 2006) . Grothe et al. (2010) showed in their monocentric study with 33 MCI participants that volumetric measurement of subregions of the BFCS was significantly correlated with GM volume Not significant-expected Significant-expected Not significant-unexpected Significant-unexpected P-values of correlations between BFCS subregions and cortical areas. Aβ− = MCI individuals with CSF β-amyloid levels below diagnostic cutoff. Aβ+ = MCI individuals with CSF β-amyloid levels above diagnostic cutoff.
n.s., not significant. loss of multiple cortical areas which are known to be early affected in AD. However, the topography of the associations was not explored across the BFCS subregions. Furthermore, previous findings suggest that measuring cortical thickness captures partly independent aspects of cortical GM integrity compared with GM volume (Winkler et al. 2010 ). In our study, the comparison of BFCS volume and cortical thickness revealed significant correlations between the most posterior BFCS subregion (Ch4p) and the cortical thickness of the temporopolar region, inferior temporal gyrus, and parahippocampal gyrus. As there was no significant correlation between Ch4p and the temporopolar region in the HC group, these effects seem to be driven by parallel atrophy of these 2 regions. Our data agree with Mesulam's findings that the cholinergic innervation of the temporopolar cortical region arises mainly from the Ch4p region .
We found no correlations between Ch4p and the superior temporal gyrus-an additional main innervation area of Ch4p according to the Mesulam study )-but significant correlations between Ch4p and anterior cingulum. This unexpected correlation survived BonferroniHolm correction on a P = 0.05 level. Mesulam described projections mainly from the Ch4am-al, but not from Ch4p area to the cingulate . Cholinergic fibers of all Ch4 subregions aggregate to bundles traveling through the white matter building 3 cholinergic pathways from the Ch4 region to the cortex: the medial (to orbitofrontal, cingulate, and retrosplenial cortices) and 2 lateral (capsular pathway to middle and inferior temporal and parahippocampal gyrus, and perisylvian to fronto-parietal, superior temporal, and insula cortices) (Selden et al. 1998) . These bundles receive input from both the Ch4p and Ch4am-al regions, which may be the reasons for the association between Ch4p and anterior cingulate in our data.
The Ch3 region (horizontal limb of the diagonal band of Broca) consists of cholinergic neurons which mainly innervate the olfactory bulb. Previous ROI-based imaging studies described significant atrophy in the region mapping to Ch3 of the BFCS in AD and MCI (Grothe et al. 2010; Kilimann et al. 2014) ; in our study, we found a trend for atrophy of the BFCS subregions in MCI groups compared with HC. Ch3 did not show any correlations to the thickness of the tested cortical areas, consistent with its assumed projection site.
The area corresponding to NSP showed a significant atrophy in participants with MCI compared with HC. The location in the frontal lobe with a close relationship to the external capsule, and the fact that the NSP has been described only in humans and anthropoid monkeys, led to the assumption that the NSP plays a significant role in the cholinergic supply of cortical areas important for speech processing (Simic et al. 1999) . As only very little is known about the NSP and its projections, we regard these correlations as explorative. Our study showed a significant correlation between NSP and cortical thickness of the temporopolar region, the superior lateral and inferior temporal gyrus, anterior and posterior cingulum. The correlation of the NSP with temporal regions parallels a study in primary progressive aphasia-a neurodegenerative disease with accentuated atrophy of temporal cortical structures (Rohrer et al. 2009 )-where NSP showed atrophy in patients with primary progressive aphasia compared with cognitive HC (Teipel et al. 2014) . Our results give first evidence for possible projections from the NSP into temporal cortical areas and disagree with earlier hypothesis (based on theoretical considerations) that the NSP solely projects to frontal cortical areas (Simic et al. 1999 ). Broca's speech area is situated in the inferior frontal gyrus and has a primary role in speech production. This region has strong connections via the arcuate fasciculus to Wernecke's area situated at the superior temporal gyrus (Catani and Mesulam 2008) . This profound functional and structural connectivity could be one explanation for the correlations between NSP and temporal cortical areas.
The vertical limb of the diagonal band of Broca (Ch2-following Mesulam's nomenclature) represents the major cholinergic input for the hippocampus formation Everitt et al. 1988; Selden et al. 1998) . We found no significant atrophy in the MCI group compared with HC, which confirms previous studies showing no affection in MCI but significant atrophy in AD patients compared with HC , as well as neuropathological studies revealing less affection of Ch2 area in AD compared with the more posterior regions of the BFCS (Vogels et al. 1990 ). Ch2 and cortical thickness showed in MCI participants correlations in all tested cortical regions, including the temporopolar area, inferior temporal, and parahippocampal gyrus. Interestingly, the association of the Ch2 and the parahippocampal gyrus-strongly connected to the hippocampus formation-was only found in the MCI group indicating the supposed parallel atrophy of these structures. The galanin innervation of the BFCS which is assumed to aid cholinergic neuron survival (O'Meara et al. 2000) shows subregional differences and might have an influence on pattern of atrophic changes in BFCS subregions. Vogels et al. (1989) found an inverse relationship of decreasing galanin immunoreactivity of the Ch2 region with increasing amyloid and tau pathology of the cerebral cortex and the hippocampus formation, supposing a secondary degeneration of Ch2 neurons due to negative feedback after axonal damage in cortical areas and the hippocampus formation.
The broad correlations of all tested areas of the cerebral cortex would agree with the hypothesis that Ch2 atrophy occurs secondary to cortical damage.
Furthermore, galanin-immunoreactive fibers appear to hypertrophy and hyperinnervate the remaining cholinergic neurons in the Ch2 region (Mufson et al. 1993) . Another interesting neuro-molecular difference between Ch2 and Ch4 which might help to understand the subregional differences in atrophy concerns the nerve growth factor (NGF). Mufson et al. (1989) showed that NGF receptor immuno-active neurons are minimally affected in the Ch2 subregion, whereas in the Ch4 region there is a high loss of these neurons correlating with the disease duration. However, the functional consequences of this neuroplasticity in the galanin or NGF system are still unknown.
The emphasis of correlations between Ch4 subregions and cortical areas in the Aβ+ MCI group compared with the Aβ− MCI group supports the idea of a primary AD-related affection of these regions. One alternative explanation could be that Ch2 does not solely supply the hippocampus formation, but that it also maintains projections to other areas of the cerebral cortex. Still, the pathomechanism of BFCS atrophy remains unclear and requires further investigation.
Our study has several limitations. First, the mask of the basal forebrain from the examination of a single brain specimen does not account for the inter-individual differences. To enhance the quality of the mask and improve the spatial projection of the BFCS into MNI, we used a postmortem in-cranio MRI as intermediate normalization step. This allowed us to use a high-dimensional normalization step for the transformation into MNI space. Second, this multicenter study did not use a harmonized MRI protocol. The stability of volumetric analysis of the BFCS in a multicenter study without harmonized protocols is satisfactory. The variance co-efficient in a multicenter study with 323 participants (134 AD, 41 MCI, and 148 HC) showed a higher variance for BFCS volumetry compared with hippocampal volumetry but, in the receiver operating characteristics (ROC) analysis, the diagnostic accuracy of Ch4p in AD was comparable with hippocampal measurement. In fact, the ROC analysis of the Ch4p region was even better than hippocampus volume in MCI group compared with HC . Third, the vicinity of many cortical areas to skull structures renders the measurement of the cortical thickness sensitive to segmentation errors, especially, if different acquisition protocols or scanners are used (Han et al. 2006; Schnack et al. 2010) . Taking this into account, we used scanners as a co-variate in our statistical analysis.
In summary, our study shows in vivo evidence for parallel atrophy of cholinergic input and output areas-the cerebral cortex and BFCS. Subregional BFCS volume reduction is associated with regional thinning of cortical areas following known corticotopic projections of the BFCS to cerebral cortex derived from mainly nonhuman neuropathological tracer-based studies. In particular, the differences between the MCI and the HC groups revealed the corticotopy of the BFCS projections. The fact that we found unexpected associations between volume reduction of BFCS subregions and cortical thinning beyond known main projections may indicate the existence of further projections of the BFCS to the cerebral cortex in humans.
The parallel atrophy of cerebral cortex areas and BFCS subregions does not allow any conclusion on a causal connection between atrophic processes in the input and output areas of the cholinergic system. This requires the study of longitudinal data, following individuals from prodromal to early stages of AD dementia.
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